N
N

N

HAL

open science

Reconstituted basement membrane enables airway
epithelium modeling and nanoparticle toxicity testing

Elrade Rofaani, Boxin Huang, Feng Liang, Juan Peng, Yong Chen

» To cite this version:

Elrade Rofaani, Boxin Huang, Feng Liang, Juan Peng, Yong Chen. Reconstituted basement mem-
brane enables airway epithelium modeling and nanoparticle toxicity testing. International Journal of
Biological Macromolecules, 2022, 204, pp.300-309. 10.1016/j.ijbiomac.2022.02.018 . hal-03818520

HAL Id: hal-03818520
https://hal.science/hal-03818520

Submitted on 18 Oct 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03818520
https://hal.archives-ouvertes.fr

Reconstituted basement membrane enables

airway epithelium modeling and nanoparticle toxicity testing

Elrade Rofaani *°, Boxin Huang  Feng Liang?, Juan Peng " and Yong Chen

aEcole Normale Sup&ieure-PSL Research University,
Sorbonne Universit& CNRS UMR 8640 PASTEUR, Paris, 75005, France
® National Research and Innovation Agency, Jakarta, 10340, Indonesia

“e-mail: yong.chen@ens.psl.eu and juan.wang@ens.psl.eu

A short statistical summary of the article includes:
e 7448 words
e 6 figures

e 4 figures of supplement


mailto:yong.chen@ens.psl.eu
mailto:juan.wang@ens.psl.eu

Reconstituted basement membrane enables

airway epithelium modeling and nanoparticle toxicity testing

Elrade Rofaani *°, Boxin Huang , Feng Liang?, Juan Peng " and Yong Chen

aEcole Normale Sup&ieure-PSL Research University,
Sorbonne Universit€ CNRS UMR 8640 PASTEUR, Paris, 75005, France
® National Research and Innovation Agency, Jakarta, 10340, Indonesia

“e-mail: yong.chen@ens.psl.eu and juan.wang@ens.psl.eu

Abstract

Basement membrane (BM) acts as a sheet-like extracellular matrix to support and
promote the formation of epithelial and endothelial cell layers. The in-vitro reconstruction of
the BM is however not easy due to its ultrathin membrane features. This difficult is overcome
by self-assembling type IV collagen and laminin in the porous areas of a monolayer of
crosslinked gelatin nanofibers deposited on a honeycomb microframe. Herein, a method is
presented to generate airway epithelium by using such an artificial basement membrane (ABM)
and human-induced pluripotent stem cells (hiPSCs). Bipolar primordial lung progenitors are
firstly induced from hiPSCs and then replated on the ABM for differentiation toward matured
airway epithelium under submerged and air-liquid interface culture conditions. As result, a
pseudostratified airway epithelium consisting of several cell types is achieved, showing
remarkable apical secretion of MUCS5AC proteins and clear advantages over other types of
substrates. As a proof of concept, the derived epithelium is used for toxicity test of cadmium
telluride (CdTe) nanoparticles (NPs), demonstrating the applicability of ABM-based assays

involving hiPSC-derived epithelial cells. based assays.
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1. Introduction

The respiratory tract is covered with a continuous layer of airway epithelial cells including
columnar club, ciliated, goblet, and basal cells. These cells are specialized for exocrine
production, mucociliary clearance, mucus secretion, and renewing of the cells, respectively [1].
Structurally, the airway epithelial cells are organized into a pseudostratified cell layer on a
basement membrane (BM) composed of collagen 1V, laminin, and proteoglycans [2]. Together,
this airway epithelium plays a critical role in maintaining air transportation to and from the
alveoli of the lungs and protecting against air-borne pathogens or micro-dusts [2]. Damage or
disorder of the airway epithelium may cause respiratory-related diseases such as chronic
obstructive pulmonary disease and lower respiratory tract infections [1,2]. To understand the
mechanism of airway diseases and test the safety and efficiency of new therapies, animals are
often used as models of human disease but they cannot recapitulate the full spectrum of human
pathophysiology and/or immune response. About 80% of drug candidates who succeeded in
preclinical tests with rodents fail to effectively treat human diseases during clinical trials [3].
In-vitro models rely on immortalized cell lines such as Calu-3 which allow generating adherent
monolayers with tight/adherens junction proteins (ZO-1 and E-Cadherins) [4]. However, due
to their cancer origin, they can result in different phenotypes but lack multicellular types. In-
vitro models using primary cells are useful but they are limited in cell viability and lack
reproducibility [5]. In this regard, in-vitro models based on the differentiation of stem cells
should be more reliable than other approaches [6]. In particular, human induced pluripotent
stem cells (hiPSCs) are capable of self-renewing over many generations [7] and differentiation
into different cell types [8], thus holding a high application potential for disease modeling, drug

discovery, and regenerative medicine involving airway epithelial cells.

Previously, hiPSCs were used to produce airway epithelial cells [9-14] and airway organoids
[15-17]. Interestingly, the formation of organoids begins with an embedment with a gel
containing extracellular matrix (ECM) proteins, which promote organogenesis. With the size
increase of the organoid, the organized cell layer counteracts the ECM in the gel which led to a
progressive accumulation of the ECM to form a BM like structure [18]. Moreover, the generated
airway organoids are inherently of multicellular types and suitable for early stage
developmental studies and disease modeling. However, cells in the organoids are not exposed
to air and cannot be easily analyzed by using techniques such as transepithelial electrical
resistance (TEER). In contrast, airway epithelial cells differentiated on a membrane can be used

directly for TEER analyses under air-liquid interface (ALI) conditions. The problem is that the



previous studies were mostly based on the use of micro-engineered membranes such as
transwell inserts, patterned membranes with through holes, or nanofiber mats [19-24].
Compared with the natural BM, these membranes are not continuous and thin enough in terms
of biological relevance. Ideally, an artificial basement membrane (ABM) needs recapitulate the
main features of natural BM morphologically and physiochemically. This is particularly
important for the formation of a hiPSC-derived epithelium, due to the strong dependence of
stem cell differentiation on extracellular matrices [25] and the maintenance of the epithelial
integrity and homeostasis [26]. Based on such an approach, advanced airway models may be

established for disease modeling and nanoparticle toxicity studies [27-29].

Herein, we report a method to generate airway epithelium by differentiating hiPSCs-derived
bipolar primordial lung progenitors (PLP) on a new type of ABM obtained by self-assembling
type 1V collagen and laminin with a monolayer of crosslinked gelatin nanofibers as backbone
and a patterned honeycomb microframe for handling. While the hiPSC-PLPs are the first cells
specified to a lung epithelial cell fate within the foregut that can be self-renewed and
differentiated into either airway or alveolar cells, the ABM does not only provide a mechanical
support for ALI culture but also specific signaling molecules as well as a high permeability for
enhanced nutrient uptake and metabolite clearance [30]. Similar devices without self-
assembling BM proteins were previously used to support the differentiation of hiPSCs toward
cardiomyocytes [31] and neurons [32,33] and A549 cell monocouches [34]. In this work, we
focus on the formation of functional pseudostratified airway epithelium involving goblet,
ciliated, and basal cells. The advantage of using ABM in ariway differentiation is shown by
comaprison to glass slide and nanofiber-covered glass (NFG). Notably, an enhanced apical
secretion of MUCSAC proteins was observed with the ABM supported epithelium due to
differentiation of hiPSC-PLPs on a more compliant substrate. Besides, we also demonstrate the
reliability of the fabricated epithelium for toxicity test of cadmium telluride (CdTe)

nanoparticles (NPSs).
2. Materials and methods

2.1. Fabrication of artificial basement membrane

The ABM device was fabricated by using lithography, electrospinning, chemical
crosslinking, and self-assembling techniques. Briefly, a honeycomb structure of 400-um hole
size, 50-um linewidth, and 50-pm thickness were defined in a SU-8 photoresist (Microchem,
France) by photolithography. This pattern was sequentially replicated into
polydimethylsiloxane (PDMS, Eleco-EFD, France) by casting and polyethylene glycol
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diacrylate (PEGDA) by vacuum-assisted UV-curing. Afterward, the final replica (frame) was
coated by 10 nm Au and gelatin nanofibers were electrospun. Gelatin (10 wt%) (#61890,
Sigma-Aldrich, France) was dissolved in a mixed solution of acetic acid, ethyl acetate
(#270989, Sigma-Aldrich, France), and deionized (DI) water at a volume ratio of 21:14:10. The
nanofibers were deposited at a distance of 10 cm and voltage 11 kV for 5 min, controlled with
a high voltage supply (Heinzinger, Germany), a syringe pump (#789100B, Kd Scientific, USA)
at a feeding rate of 0.2 mL/h. After electrospinning, gelatin nanofibers were dried in a desiccator
overnight and cross-linked in a 0.2 M mixture of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, #6383, Sigma-Aldrich, France) and N-hydroxysuccinimide (NHS)
(#130672, Sigma-Aldrich, France) in ethanol for 4 h. After crosslinking, a monolayer of gelatin
nanofibers was obtained. To eliminate remaining toxic chemicals, samples were rinsed in
99.5% ethanol three times, dried in a vacuum overnight, and finally submerged in sterilized DI
water overnight.

The fabricated monolayer of nanofibers was used as backbone for self-assembling BM
proteins in the pores of the monolayer. A 50 pL solution composed of 0.1% (w/v) type 1V
collagen (#C7521, Sigma-Aldrich, France) in water containing 0.1 M acetic acid and 2% (v/v)
laminin (#L2020, Sigma-Aldrich, France) was pipetted on the nanofiber system. After
dehydration at 37<C for 3-5 h, a reconstituted BM or ABM, contains an ultrathin layer of
collagen IV-laminin mixture, could be obtained. To evaluate the general properties of the ABM,
measurements of scanning electron microscopy, contact angle, deflection [34,35], and Darcy
permeability [36] were conducted and an ABM handling device for ALI culture has been
realized by machining or three-dimensional (3D) printing. For comparison, nanofibers were
also deposited on the glass using a gold-coated 13-mm diameter cover glass in a similar manner

as described above and the resulted samples were referred as nanofibers on glass (NFG).

2.2. Production of matured airway epithelial cells

hiPSCs (episomal line, Life Technologies, France) were cultured and maintained in complete
E8 Flex medium (#A2858501, Gibco) with a 1:100 diluted vitronectin (#A27940, Life
Technologies)-coated culture dish and incubated at 37°C with 5% COz2 condition. The medium
was changed every two days until cells grew to 70-80% confluence. The cells were harvested
with a solution of Dulbecco’s Phosphate Buffered Saline (DPBS, #14190-094, Gibco) with 0.5
mM ethylene diamine tetra-acetic acid (EDTA, #15575-038, Life Technologies).

Following the previous protocols, hiPSCs were differentiated into airway progenitor cells

(APCs) and then matured airway epithelial cells (AECs) by using different types of substrates,



all coated with 1% of Geltrex. Overall, hiPSCs were derived sequentially to (i) definitive
endoderm (DE) (6 days), (ii) anterior foregut endoderm (AFE) (2 days), (iii) bipotential
primordial lung progenitors (PLPs) (7 days), (iv) airway progenitor cells (APC) (6-10 days),
and (v) matured AECs (17 days).

DE induction: Prior to induction, hiPSCs were cultured in a dish with 50% confluence. The
induction medium of serum-free RPMI11640 (#21875034, Gibco) containing 1% glutamine, 1%
penicillin-streptomycin or pens-strep (#15140122, Gibco) and 1% non-essential amino acid
(NEAA) or B-27 (#17504-044, Gibco) and 0.1% ascorbic acid (#A4403, Sigma-Aldrich), was
prepared with high concentration of Activin A (100 ng/mL) (#78001.1, Stemcell Technologies)
and 1 uM CHIR-99021 (#SML1046, Sigma-Aldrich). The cells were induced in this medium
for 6 days to generate DE or to undergo a gastrulation process. The medium was changed every
two days.

AFE patterning: From day 6 to 8, cells were treated with serum-free IMDM medium
(#12440-053, Gibco) containing 1% glutamax, 1% pens-strep, 1% B-27 and 0.1% ascorbic acid,
as a serum-free IMDM medium, then supplemented with 10 uM SB-431452 (#HB3555,
Hellobio) and 1.5 uM dorsomorphine or DSM (#P5499, Sigma-Aldrich).

Generation of PLP: From day 8 to 15, cells were cultured in a serum-free IMDM medium
containing 3 uM CHIR-99021, growth factor of 10 ng/mL KGF or FGF-7 (#251-KG, R&D
System), 10 ng/mL. BMP4 (#78211, Stemcell Technologies) and 0.0625 uM retinoic acid or
RA (#R2625, Sigma-Aldrich).

APC derivation: at day 15, PLPs were digested with tryplE (#12605-010, Life Technologies)
for 5 min and seeded in diluted 1:100 geltrex- (#A1413302, Life Technologies) coated ABM,
NFG and glass. The cells were resuspended in a serum-free IMDM medium containing a factor
of airway epithelial cells maturation, 10 ng/mL FGF18 (#78041.1, Stemcell Technologies) and
a growth factor for epithelium proliferation, 10 ng/mL KGF for the APC derivation. The
medium was changed every two days until day 21.

From APCs to AECs: From day 22 to 39, APCs were cultured in a serum-free IMDM
medium containing 10 ng/mL FGF18, 10 ng/mL KGF, and a cocktail molecule, composed of
0.1 mM isobutylmethylxanthine, iBMX (#15879, Sigma-Aldrich); 0.1 mM 8-bromo-cAMP
(#D0627, Sigma-Aldrich), 25 ng/mL dexamethasone (#4902, Sigma-Aldrich), which are
usually referred to as DCI. The ABM with cells was mounted in homemade transwell support
(Boyden chamber) and placed in a 6 well plate (#734-2323, VWR). The ABM-inserted Boyden
chamber was used for ALI culture. The cells were taken place in the top compartment of Boyden
chamber. After one day of culture, the medium in the top compartment was removed gently and
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washed by DPBS 3, leaving the apical surface of the cells exposed to air (in an atmosphere of
5% CO2 at 37<C). Afterward, the culture was continued and the medium in the low

compartment was changed every two days.
2.3. Immunostaining microscopy

Cells were rinsed with DPBS and fixed with 4% paraformaldehyde (#P6148, Sigma-Aldrich)
for 15 min. Samples were permeabilized with 0.5% Triton X-100 (#HFH10, Life Technologies)
for 20 min and saturated with DPBS supplemented with 0.1% Triton X-100 and 3% BSA
(#A9056, Sigma-Aldrich) for 2 h at room temperature. DPBS was contained 0.1% v/v Tween20
(#P1379, Sigma-Aldrich). Afterward, staining was performed with primary antibodies
overnight at 4<C. On day 21, all progenitors were stained by primary unconjugated antibody
NKX2.1 (#MA5-13961, Invitrogen) and ZO-1 (#40-2200, Invitrogen), followed by the
secondary antibody Alexa Fluor 488 and 633 (#A-11008 and #A-21086, Invitrogen). At day 39
or maturation step, airways cells were stained by primary unconjugated antibody MUC5AC
(#MA5-12178, Invitrogen) and ZO-1, followed by the secondary antibody Alexa Fluor 488 and
555 (#A-11008 and #A-31572, Invitrogen). Primary cilia are stained with acetylated a-tubulin
(#T7451-100UL, Sigma-Aldrich) and Actin (#R37112, Invitrogen) were used for labeling
ciliated cells. All samples were observed with LSM Zeiss 710 confocal microscope (Zeiss,

France). Images were collected as TIF files and analyzed with the software ImageJ.

2.4. Nanoparticle exposure on maturated AECs

COOH-functionalized CdTe-NPs (#777986, Sigma-Aldrich) were used for toxicity assays
with matured airway cells. These NPs were 3-11 nm in size, soluble and negatively charged.
To achieve a homogenous distribution of the cells, the ABM was mounted on a homemade
PDMS chamber of 7 mm diameter and 1 x 10° airway epithelial cells were seeded and incubated
for 24 h, before the co-culture with CdTe NPs. Before confocal imaging, the cells were fixed
and immune-stained with primary unconjugated antibody ZO-1, followed by the secondary
antibody Alexa Fluor 488. CdTe NP is red fluorescent while nuclei were stained by DAPI
(blue).

2.5. Statistical analysis

The data, between groups, are shown as the mean £2SEM (Standard Error of the Mean) from
at least three samples were statistically analyzed using ANOVA with performing Tukey test
using the software GraphPad Prism software (GraphPad, USA). Significance was set to “P<
0.05, ™ P< 0.01, and * P< 0.001.

*k*k



3. Results
3.1. Characterization of the reconstituted basement membrane

To generate the functional airway epithelium, we followed a general differentiation strategy
of hiPSCs [12] but an ABM as a cell culture support. The fabrication of the ABM was
straightforward, involving lithography, electrospinning, and self-assembling techniques (Fig.
1a). The fabricated ABM device was characterized by means of scanning electron microscopy
(SEM) and quantitative measurements of contact angle, stiffness and permeability of the
membrane. Fig. 1b shows phase-contrast image of a crosslinked monolayer of nanofibers
(MNF) with a patterned honeycomb compartment from which a porosity of ~30% could be
deduced. Fig. 1c shows SEM image of an ABM obtained after BM protein deposition with an
MNF backbone. Here, the periodic hexagonal structure is 500 pm in pitch and 50 pm in
thickness and width. Typically, the fabricated ABM has a thickness of ~200 nm under optimal
processing conditions. The contact angle measurements showed that the ABM has a wetting
character comparable to that of glass slide but different from that of the MNF (Fig. 1d, Fig. S1).
By measuring the deflection of the membrane under pressure in a similar way as described in
[34] but with the help of an additional PDMS thin layer [35], an effective Young’s modulus of
the ABM, 4.9 MPa, could be deduced. This value is compared to the effective Young’s modulus
of the MNF obtained with same method so that the stiffness of ABM could be mainly due to its
nanofiber backbone. By measuring the flow rate of DI water crossing a sample of MNF or ABM
as a function of applied pressure, the Darcy permeability of the sample, 2.4 x 10® m=and 7.2
x 10 m=2could be determined respectively [36]. Such permeability is at least ten times larger
than that of commonly used etched ion track membranes, due to very small thickness of the
MNF and the ABM samples.

3.2. Generation of airway progenitor cells from hiPSCs

The PLPs are capable to be differentiated into either proximal (airway) or distal (alveolar)
lung cells. Following a reported protocol, we firstly derived hiPSCs into PLPs [12] (Fig.2, Fig.
S2). From day 0 to 6, hiPSC colonies were induced into DE with Activin A and CHIR-99021.
From day 7 to 8, DE was patterned into AFE by inhibiting bone morphogenic protein (BMP)
and TGF-p signaling pathways. From day 9 to 15, the cells became bipotential primordial lung
progenitors and cyst-like features were observed in addition to the epithelial-like cells. On day
15, we replated the PLPs on different types of culture substrates of Geltrex-coated ABM, NFG,
and glass to generate airway progenitors. After one day of replating (day 16), cells formed a
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monolayer by sub-merged culture. At the end of progenitor development on day 21, the
epithelial-like formation was observed on the ABM and NFG substrates, while only a limited
number of cells were observed on the glass substrate (Fig. S3), indicating the suitability of
nanofibers’ morphology.

The immunofluorescence images of the sample with progenitor cells on ABM showed high-
level expressions of NKX2.1 (homeodomain-containing transcription factor) and ZO-1 (Zonula
occludens-1) proteins (Fig. 3a). Here, the ventral marker NKX2.1 is a nuclear transcription
factor and is actively involved in committing progenitor of lung fate. Tight junction (TJ) marker
ZO-1 is typically related to the development of epithelial cell polarization for providing an
established permeability barrier for ion/molecules diffusion [36]. By counting the number of
nuclei, the cell density could be calculated and compared, confirming significant differences in
cell spreading and proliferation growing on the three different substrates (Fig. 3c). Finally, the
percentage of NKX2.1 positive cell was higher than the previously reported ones [13-15] and
the expression levels of NKX2.1 and ZO-1 proteins of the cells on ABM were significantly
higher than that on glass and NFG (Fig. 3d, 3e). Morphologically, the airway progenitors on
ABM were organized in dense monolayer with larger heights (Fig. 3b, 3f). In addition, an intact
cellular monolayer on ABM was established by special ZO-1 proteins on the apical surface,
suggesting a controlled epithelial-cell polarization and the formation of morphologically
distinct apical domains during cell development. These apical domains allow bidirectional

signaling that receives signals from the cell interior and regulates in turn the cell behavior.
3.3. Differentiation of airway progenitor cells to airway epithelial cells

On day 22, the airway progenitors on ABM were placed in a homemade Boyden chamber to
differentiate them into airway epithelial cells under submerged and ALI culture conditions. A
serum-free maturation medium containing a mixture of growth factors FGF18 [38] and KGF
and DCI [39] was used for airway epithelial development over 17 days. On day 39, some of the
cells showed high levels of expression of MUCS5AC proteins (Fig. 4a). Similar cells were also
found in the immunostaining images of the cells on NFG. The cross-sectional views of the cell
layers indicated that these cells have typical features of airway epithelial goblet cells, showing
a vertically elongated cell shape and secretion into the apical compartment of the MUC5AC
proteins, as marked by white arrowheads [40] (Fig. 4b). In addition to the goblet cells, at least
two other cells types could be observed, one with nuclei on the same level of the MUC5AC
proteins and another one with nuclei sited on the ABM, indicated by orange and yellow

arrowheads, respectively (Fig. 4b). These cells could be attributed to ciliated cells and basal



cells within a pseudostratified epithelium. Indeed, ciliated cells could be observed by
immunostaining of acetylated o-tubulin, showing marked primary cilia lined on the apical
surface of the cells (see below). Furthermore, the cell boundaries marked by ZO-1 could be
seen but they fluctuated due to the pseudostratified epithelial structure. Concerning the basal
cells located immediately above the basement membrane, they are capable of self-renewal and
differentiation into both ciliated and goblet cells so that they are fundamentally important for
maintenance and regeneration of the airway epithelial barrier [1,2]. Therefore, the observation
of the three types of cells on ABM suggest that the differentiating cells were more efficiently
organized on the ABM than on NFG. Statistically, the cell density on ABM is about 1.5-folds
more than that on NFG, due to the high proliferation rate (Fig. 4c). Nevertheless, the percentage
of MUCS5AC-positive cells on the ABM and NFG remained unchanged (Fig. 4d). However, the
cells on ABM expressed twice more MUCS5AC proteins than that on NFG (Fig. 4e), suggesting
that both behaviors and functions of the cells were regulated by the underlying substrate and
ABM does not only promote the formation of pseudostratified epithelium but also high-level
expression of airway specific proteins of the cells. Finally, due to high proliferation rate and
low substrate stiffness, large epithelial tensile forces could be generated which may deform the

underlying ABM, all depending on the initial cell seeding density.

Primary cilia stained by acetylated a-tubulin are dynamic structures of microtubule and
transiently present during the differentiation of airway epithelial cells. They are used for
mucociliary clearance, which is the primary innate defense of the lung [40]. Fig. 5 shows
immunofluorescence images of the cells on the ABM, indicating a high-level expression of the
acetylated a-tubulin proteins. The top view image (left) revealed a random distribution of
elongated cilia with a number of distinct spots where the ciliated cells located. The cross-section
view images (XZ and YZ) show that the primary cilia expression was located at the center of
the apical surface as indicated more clearly by the white arrows, in agreement with the previous

observation [40].

3.4. Exposure of airway epithelial cells to CdTe nanoparticles

The functional test of the fabricated airway epithelium was performed with COOH
functionalized CdTe nanoparticles (NPs). While bulk CdTe is currently used to make thin-film
solar cells, the CdTe NPs are attractive for many applications such as biological probing and
solid-state lighting due to their strong and stable fluorescence. The bulk CdTe has low acute
inhalation, oral, and aquatic toxicity, but the CdTe NPs may be harmful due to cellular uptake

and translocation of the airway epithelium. Our results showed that after 24 h the CdTe NPs
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could be inhaled by the cells or aggreged on the cell surfaces (Fig. 6a). On day 2, the cell layer
was damaged at a dosage of 7.5 pg/mL and even completely destroyed at higher dosages. Fig.
6b and 6¢ show the immunofluorescence images of the cells incubated with a culture medium
with or without containing 7.5 g/mL CdTe NPs for 24 h. Without CdTe NPs, the airway cells
were regularly distributed on the ABM with clear cell boundaries marked by ZO-1 proteins
(Fig. 6b). With CdTe NPs, no more cell boundary could be clearly observed even though some
residues of the ZO-1 proteins could still be identified, indicating the toxicity of NPs. The effect
of cellular up-taken and nucleus nearby localization of the CdTe NPs could also be observed
(Fig. 6¢).

4. Discussion

The airway epithelium consists of cellular and acellular components which are both
important for the integrity and homeostasis of the tissue. Any in-vitro model will be subjected
to a variety of assays but the most important is the establishment of a reliable development
strategy. In our case, hiPSC derived airway cells are used which can be obtained/processed
more easily than primary cells and advantageous over immortalized cell lines. For example,
poor P450 enzyme activity was detected in Calu-3 cell lines due to low expression and non-
inducibility of CYP1A1l and CYP2B cytochromes and the absence of functional CYP3A4. This
greatly affects its metabolic response and limits its potential ability to screen potential drug
candidates and formulations [4]. In contrast, hiPSC derived cells generally have molecular
phenotype similar to primary adult cells of either healthy donors or patient specific diseases [9-
14]. On the other hand, the most of the previous in-vitro airway models were based on
conventional culture plate [9] or engineered porous membrane made of polycarbonate,
polyester, PDMS, or nanofibers [10-14,19-24]. Compared to the ABM, these membranes are
much thick, stiff, inhomogeneous and less permeable. These intrinsic features do not change
after the surface coating of the appropriate biomolecules, which is clearly a drawback for the
generation of airway epithelium. hiPSC-derived airway organoids are generally formed in gel
instead of at ALI [15-17]. However, the hiPSC-derived organoids can be dissociated into single
cells and then replated on a membrane for ALI culture, which may enhance the expression of
airway-specific proteins and stimulate ciliation, polarization, and barrier functions [13,14].
Nevertheless, ABM is preferable for replating since it does not only allow an early setting of
the epithelium but also promote the self-organization of the pseudostratified epithelial layers

during PLP differentiation and airway barrier maturation due to its relative low stiffness and
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high permeability. Indeed, we observed that after replating, fewer cells remained on the glass
due to poor formation of the epithelia layers caused by stressed cytoskeleton.

It is known that the performance of adherent cell culture and in particular hiPSC
differentiation depends critically on the stiffness compliance with the underlying substrate [43-
46]. The stiffness of the ABM is due mainly to the nanofiber backbone. To estimate the in-plan
stiffness of the backbone, we may consider a hexagonal lattice made of nanofiber segments of

diameter a and length I. Then, the effective in-plane and out-plane Young’s modulus of the

lattice can be obtained analytically, E= %ES(%P and %ES(%), where Es is the bulk Young’s

modulus of the material [47]. For a typical ratio of a/l = 0.1, the effective in-plane Young’s
modulus is ~4.9 kPa, which is three orders of magnitude smaller than Es. Such a Young’s
modulus is comparable to that of lung tissues [48]. This means that the epithelial generated
forces could be sufficient large to interplay with the underlying ABM. Therefore, a high PLP
seeding density may result in an over increased cell number so that an epithelial folding due to
cell proliferation and low stiffness of the membrane. In practice, the cell seeding density and
the replating time after induction can be controlled to achieve a relative flat epithelium.

Our results showed that the PLPs cells could be more efficiently proliferated and
differentiated on ABM than on glass and nanofiber-covered glass, showing up-regulated
expression of NKX2.1 and TJ proteins. Here, NKX2.1+ cells were analyzed as intermediates
to functional airway epithelial cells. We noticed that in the previous studies the NKX2.1+ cells
were mostly obtained in a dish before replating on a membrane and that a mesenchymal layer
could be spontaneously generated underneath the NKX2.1+ cells due to unsuitable stiffness and
permeability of the plastic membranes. After replating and maturation, the presence of the
mesenchymal cells in the airway epithelium [12] might be problematic for the accuracy of
TEER measurements. One solution was to sort NKX2.1+ cells and generate firstly “epithelial-
only” airway organoids and then the airway epithelial cells of different types [12]. However,
the signaling of the cells in their putative niche before replating should not be ignored [49]. In
this regard, a higher percentage of NKX2.1+ cells achieved with ABM is beneficial for the
airway epithelium formation. Moreover, these cells under ALI culture conditions led to a
pseudostratified epithelium consisting of several cell types with a high-level expression of
MUCS5AC proteins. We believe that the high permeability of the ABM also promotes the
formation of the pseudostratified layer since it facilitates both nutrient up taking and metabolite
clearance, in addition to the signalling of type IV collagen and laminin ligands cell adhesion

and proliferation. Both may greatly reduce the occurrence of feeder layers even through
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mesodermal elements could be induced in our differentiation protocol [9]. We would also like
to mention that in such a protocol, the growth factor FGF-18 was used to promote Clara cell
generation [10] which is necessary for the proximal airway formation [38] and that KGF (FGF7)
belongs to the fibroblast growth factor family generally involved in lung tissue formation [42].
Thus, this protocol is relatively simple but efficient to generate airway cells of multiple types
which could be improved with the ABM. Overall, the differentiation and maturation processes
last 39 days, which is comparable to other differentiation protocols [9-12] but significantly less
than those involving organoid formation and dissociated cell replating [13,14].

Finally, the observed attachment of CdTe NPs to the airway epithelium could be attributed
to the interaction between negative charges of the NPs and positive charge of cells’ plasma
membrane [50,51]. It is known that goblet cells secrete mucus to form a viscoelastic layer on
the surface of the outer plasma membrane of the cells which can trap foreign objects for the
translocation involving cellular uptake and tissue surface clearance [52]. Previous studies have
shown that hydrophilic NPs could be more easily translocated through the surfactant film
compared to hydrophobic NPs [53-55]. In our case, the toxicity of the CdTe NPs was mainly
due to the high dosages. Statistically, the NPs at high doses have a high probability to be up-
taken and translocated on the plasma membrane of the cell, causing excessive inflammation to
result in either extrinsic or intrinsic apoptotic processes. Altogether, the opposite charge
interaction on the cell membrane, the surfactant trap of goblet cells, and the presence of high
dose NPs led to damage of the airway epithelium, indicating the toxicity of the CdTe NPs.
Clearly, a more systematic investigation is needed to study the responses of the airway
epithelium to CdTe and other types of NPs by considering, for example, more relevant dosages,
real-time barrier monitoring, high throughput, and microfluidic techniques.

5. Conclusion

We reported a method for airway epithelium modelling by using reconstituted or artificial
BM and hiPSCs. This method relied on the self-organization of differentiating progenitors
which could be enhanced by the underlying ABM under submerged and ALI culture conditions.
While the intermediate airway progenitors highly expressed ventral protein markers (NKX2.1)
and TJ protein (ZO-1), the goblet cells of matured airway epithelium highly expressed
MUCSAC proteins. Due to the high proliferation rate of the progenitors and strong BM
attachment of the cells, the resulting epithelium showed pseudostratified organization involving

goblet, ciliated, and basal cells. Finally, the produced airway epithelium was used for toxicity
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testing with CdTe nanoparticles. Our results showed that the airway epithelium was heavily

damaged due to surface deposition and clustering of the nanoparticles.
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Figure caption:

Fig. 1. Fabrication and characterization of culture patch with artificial basement membrane. (a)
Schematic diagram of the fabrication involving UV lithography patterning, nanofiber
electrospinning, and protein self-assembling techniques. (b) Phase-contrast image of
crosslinked monolayer of nanofibers (MNF) with a patterned honeycomb compartment. (c)
SEM image of the device after BM protein self-assembling, showing artificial basement
membrane (ABM) and embedded MNF backbone. (d) Contact angles of DI water, PBS, and

culture medium on different types of substrates.

Fig. 2. Differentiation of hiPSCs toward matured airway epithelium. (a) Stepwise protocol
passing through bipotential primordial lung progenitors and airway progenitors. (b) Schematic
diagram of different culture configurations (adherent, sub-merged, and air-liquid interface

culture). A photograph of the ABM mounting device is also shown. Scale bar: 50 um.

Fig. 3. Immunofluorescence images of hiPSC-derived airway progenitors on ABM, nanofiber-
covered glass (NFG), and glass. (a) Expression of NKX2.1 (green) and ZO-1 (red) proteins of
the cells. Cell nuclei were stained with DAPI (blue). (b) Cross-sectional view (XZ) of NKX2.1,
Z0-1, and DAPI. Statistical analyses of cell density (c), NKX2.1 (d) and ZO-1 (e) expression

levels, and nuclei height (f) of the cells on three types of substrates. Scale bar: 50 um.

Fig. 4. Immunofluorescence images and statistic data of matured airway epithelial cells. (a)
Expression of MUCS5AC (green) and ZO-1(red) proteins of the cells on ABM and nanofiber-
covered glass (NFG). Cell nuclei were stained with DAPI (blue). (b) Cross-sectional view (XZ)
of MUCSAC, ZO-1, and DAPI of the cells, showing typical pseudostratified organization where
nuclei of neighboring cells appear at different levels. White arrowheads indicate MUC5AC+
cells (goblet cells), orange and yellow arrowheads indicate ciliated and basal cells. Statistical
analyses of cell density on days 21 and 39 (c), percentage of MUC5AC+ cells (d), and
MUCS5AC expression levels of the cells on NFG and ABM (e). Scale bars: 50 pm.

Fig. 5. Immunofluorescence images of matured airway epithelial cells, after staining with
acetylated tubulin (green), actin (red), and DAPI (blue). Left: Elongated cilia and location of
ciliated cells (green spots). Right: The cross-section view images (XZ and YZ) show that the
cilia expression of cells was located above nuclei and pointed by white arrows. Scale bar: 20

um.
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Fig. 6. Toxicity test of CdTe nanoparticles with hiPSC derived airway epithelium (patch). (a)
Phase-contrast images of an airway patch incubated with CdTe-NP at a concentration of 7.5
po/ml. Scale bar: 200 um. Immunofluorescence images of the airway cells before (b) and after
(c) incubation with 7.5 pg/ml CdTe-NP for 24h. ZO-1 proteins were stained green, CdTe in
red, and cell nuclei in blue. Scale bars: 50 pm.
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